This paper deals with the analysis of the vibrational and crystallographic properties of CuInC 2 ͑C =S,Se͒ chalcogenides. Experimentally, evidence on the coexistence in epitaxial layers of domains with different crystalline order-corresponding to the equilibrium chalcopyrite ͑CH͒ and to CuAu ͑CA͒-has been obtained by cross section transmission electron microsopy ͑TEM͒ and high resolution TEM ͑HREM͒. Electron diffraction and HREM images give the crystalline relationship ͓110͔ CH ʈ ͓100͔ CA and ͑112͒ CH ʈ ͑011͒ CA , observing the existence of a ͑112͒ CH ʈ ͑001͒ CA interphase between different ordered domains. The vibrational properties of these polytypes have been investigated by Raman scattering. Raman scattering, in conjunction with XRD, has allowed identifying the presence of additional bands in the Raman spectra with vibrational modes of the CA ordered phase. In order to interpret these spectra, a valence field force model has been developed to calculate the zone-center vibrational modes of the CA structure for both CuInS 2 and CuInSe 2 compounds. The results of this calculation have led to the identification, in both cases, of the main additional band in the spectra with the total symmetric mode from the CuAu lattice. This identification is also supported by first-principles frozenphonon calculations. Finally, the defect structure at the interphase boundaries between different polymorphic domains has also been investigated.
I. INTRODUCTION
The Cu-B III -C 2 VI family of compounds, and in particular CuInC 2 with C = Se,S, are currently under development for optoelectronic applications such as solar cells. [1] [2] [3] [4] [5] These ternary compounds are derived from the II 2 -VI 2 sphalerites and belong to the group of nonisovalent ionic semiconductors 6 where two group II atoms are replaced by one Cu and one group III atom. The nonisovalent cations form an ordered sublattice at room temperature. Locally, the crystal structures of Cu-B III -C 2 VI contain tetrahedra of the Cu n B ͑4-n͒ III ͑n =1,2,3,4͒ type which are formed around a common C atom. Wei et al. have shown that energy minimization can be realized if n = 2. In that case the octet rule is fulfilled. 7 The ordering of highest thermodynamical stability at low temperature gives rise to the chalcopyrite structure ͑CH͒ with space group ͑I42d͒ and n =2. 7 The CuAu ͑CA͒ ordering ͑P4m2͒ is most closely related to the CH ordering as it also exhibits n = 2. The formation energies of CH and CA differ only by 2 meV/atom. 8 Other structures exhibiting n = 1 and n = 3 tetrahedra ͓CuPt ordering ͑R3m͒ or Y2-like ordering͔ are thermodynamically less stable. Early reports on their existence in CuInSe 2 thin films have not yet been confirmed. 9 It shall be emphasized that all polytypes are only different with respect to their cation sublattice but have an identical fcc chalcogen sublattice.
Recently, experimental evidence was provided that two different orderings with n = 2 can be differentiated by studying their vibrational properties using Raman scattering. [10] [11] [12] This is related to the presence of additional modes in the Raman spectra, which have been attributed to the presence of CuAu ordered domains in both epitaxial and polycrystalline films. Despite the fact that the Raman spectra of the CH ordered phases of CuInC 2 compounds are well-known, 10, 13, 14 very few works have been reported on the analysis of the dynamical properties of the CA ordered phase. 10, 15 In these works, even if there is consensus in attributing the additional peaks in the Raman spectra to the vibrational modes from the CA ordered phase, the identification of the main CA mode is still not clear: although the experimental results in both CuInSe 2 and CuInS 2 have led to the identification of this peak with an A 1 vibrational mode, 12, 16 and in the case of CuInS 2 previous theoretical considerations have confirmed this assignment, 10 more recently the theoretical calculation performed by Lazewski et al. on the lattice dynamics of CA ordered CuInSe 2 have led them to identify this peak with an E 2 mode. 15 To clarify this, it appears worthwhile to calculate and compare the zone-center phonon spectra of the CA structure for both CuInC 2 ͑C =S,Se͒ compounds.
Phenomenological studies have shown that the formation of CA metastable domains in mostly CH ordered thin films is related to a deterioration of their optoelectronic properties. 11, 17 Therefore, the elucidation of polytypic structures in Cu-B III -C 2 VI materials is important from a fundamental as well as an applicational point of view. Also of physical interest is the defect structure at interphase boundaries between two polytypes, i.e., between the n = 2 polytypes CA and CH. At these boundaries, which we refer to as interphase boundaries ͑IPB͒, tetrahedra with n 2 may be forming. Tetrahedra with n Ͼ 2 ͑n Ͻ 2͒ exhibit a deficiency ͑an excess͒ of valence electrons. Thus they can be considered as defect tetrahedra of acceptor ͑donor͒ character. Wei et al. have stated that donor and acceptor type tetrahedra can couple 7 leading to donor-acceptor complexes. It has been pointed out that tetrahedra with n 2 may be compensating each other in the disordered high-temperature zinc blendetype modification of the Cu chalcopyrites. 7 This paper presents a comprehensive study on the subject of ordering in Cu-B III -C 2 VI materials and the implications on the vibrational and crystalline properties. It is organized as follows: In the next section, the experimental evidence for polytypes in CuInC 2 with C = Se,S obtained from crystallographic and vibrational studies is presented. In the third section, it shall be asked if the experimentally revealed vibrational properties of CuInC 2 solids can be interpreted in terms of their polymorphic structure. A valence force field model will be employed for the comparison of CA and CH lattice dynamics. The results from this model will be also compared with those from first-principles frozen-phonon calculations. The last section focuses on the coexistence of CA and CH domains in solid specimens and the defect structure within interphase boundaries, investigating the nature that can be predicted for these defects and the possible charging states of low indexed IPBs.
II. EXPERIMENTS

A. Experimental details
The experimental data have been obtained from epitaxial CuInS 2 and CuInSe 2 samples prepared by molecular beam epitaxy. 18, 19 The substrates were ͓111͔ and ͓001͔ oriented Si for the ͓221͔-CuInS 2 and ͓001͔-CuInS 2 specimens, and ͓100͔ oriented GaAs for the ͓001͔-CuInSe 2 epilayers. By means of a variation of the substrate temperature it was possible to grow epitaxial films of different crystallographic properties. The thickness of these epilayers was typically around 200-500 nm.
Cross-section transmission electron microscopy ͑TEM͒ and transmission electron diffraction ͑TED͒ experiments were performed in a Philips CM30ST microscope, operating at 300 kV. Micro-Raman measurements were carried out in a T64000 Jobin Yvon equipment, using different excitation lines of an Ar + laser ͑514.5, 488, and 457.9 nm͒ as light excitation source. Finally, x-ray diffraction ͑XRD͒ measurements were performed in a Philips MRD diffractometer, using its parallel beam optics.
B. Crystalline structure of polytypic CuInC 2
͓221͔-CuInS 2 epitaxial layers grown on Si ͓111͔ substrates were studied by cross-section TEM in the perpendicular directions ͓110͔ and ͓111͔. The diffraction patterns shown in Fig. 1 are taken in these directions and confirm that in this case the CuInS 2 layers are grown in the ͓221͔ CH direction. These patterns show, in addition to the spots allowed for the chalcopyrite structure in these directions, additional spots that correspond to ͑002͒ CH and ͑110͒ CH planes in the ͓110͔ CH direction ͓Fig. 1͑a͔͒ and to ͑110͒ CH , ͑202͒ CH , and ͑022͒ CH planes in the ͓111͔ CH direction ͓Fig. 1͑b͔͒. These diffraction spots are forbidden in the chalcopyrite structure, due to its systematic extinctions. On the other hand, they are compatible with ordering of the cations into planes following the ͓001͔ CH direction, and filling the ͑002͒ CH planes alternately with only one type of cations Cu or In. This structure corresponds to the so-called CuAu-ordering. Other authors have described the CuAu-ordering with Cu and In planes in the ͓010͔ CH direction, assuming the IPB contains only n =2 tetrahedra. 7, 20 However, in such a case the additional spots in Fig. 1 would correspond to planes ͑020͒ CH , ͑102͒ CH , ͑210͒ CH , and ͑014͒ CH , respectively, and these planes cannot be observed in the ͓110͔ CH and ͓111͔ CH directions. Therefore, the presence of these spots in the diffraction patterns obtained within these directions can only be interpreted in terms of coexistence of CuAu and CH ordering assuming that the C axes of both unit cells are parallel. This is also consistent with the XRD experimental spectra reported by Stanbery et al. 12 on CuInSe 2 epilayers, that are interpreted assuming that the alternating Cu and In cation planes are oriented parallel to the ͑001͒ plane of the epitaxial chalcopyrite structure. Figure 2 shows the corresponding CH and CA primitive unit cells. For these unit cells the diffraction patterns in Fig. 1 lead to the crystalline relationship ͓110͔ CH ʈ ͓100͔ CA and ͑112͒ CH ʈ ͑011͒ CA . Figure 3 shows a dark field transmission electron image and its diffraction pattern recorded along the ͓110͔ zone axis of the chalcopyrite lattice. Figure 3͑a͒ shows the electron diffraction pattern from the area in Fig. 3͑b͒ . This pattern exhibits the spots already described in Fig. 1͑a͒ together with doubled spots which are due to twins in the direction ͓221͔ CH . In addition, the main CH reflections from Figs. 1 and 3 show streaking along ͓221͔ CH and ͓221͔ CH directions, which are due to stacking faults formed in the ͑112͒ and ͑112͒ planes of the CH structure. 20 In Fig. 3 , the spots are labeled according to their corresponding structure ͑CH or CA͒, in contrast to Fig. 1 where all the spots were labeled according to the CH structure. In this figure, the twinned spots are marked by crosses. Apart of these defects, which are very common in chalcopyrite structure materials, all the spots in this figure can be ascribed to the crystalline relationship already mentioned between the CH and CA lattices. Only some weak spots in Fig. 1͑b͒ have not been indexed. The origin of these spots is still not clear, and could indicate the existence of domains with different crystalline orientation or secondary phases, or other polytypes of CuInC 2 such as primitive chalcopyrites. 8 Nevertheless, these spots have a much lower intensity than those related to both CA and CH structures. The dark field image in Fig. 3͑b͒ was obtained by selecting the ͑001͒ CA beam, which is forbidden for the CH structure but is allowed for the CA structure. This image shows the spatial distribution of CH and CA ordered domains. So, the upper grain in the image corresponds only to CA ordered CuInS 2 , and it shows an interphase boundary with the underlying CH domain formed by ͑112͒ CH and ͑011͒ CA planes ͑indicated with an arrow͒. Figure 4 shows a filtered high-resolution TEM ͑HREM͒ image taken along the ͓110͔ CH zone axis from a ͑112͒ CH ʈ ͑011͒ CA interphase region. The corresponding Fourier transform ͑down left inset͒ agrees with the electron diffraction pattern previously shown in Fig. 1͑a͒ . The other insets in this figure show the respective HREM simulations for both structures. Although the interphase is difficult to see visually in the image, the agreement between these simulations and the respective regions in the image corroborates the coexistence of both orderings within the characteristic interphase boundary.
C. Raman active modes of polytypic CuInC 2
It has been reported earlier that Raman spectra of the A 1 mode of CuInC 2 samples often show an additional band slightly higher in wave number as compared to the A 1 mode of CH. [10] [11] [12] Figure 5 gives examples of the respective spectral region of the A 1 mode for different samples of CuInS 2 and CuInSe 2 . Notice that other modes are difficult to resolve due to their low Raman scattering efficiency. The dominant bands at about 300 and 175 cm -1 for CuInS 2 and CuInSe 2 , respectively, are composed out of two modes. Curve fitting was used to derive the different wavenumber contributions to be 290 and 305 cm -1 for CuInS 2 and 173 and 183 cm -1 for CuInSe 2 . It can be clearly seen that the spectra differ with respect to the ratio of their two components. From the fit results this ratio has been quantified.
Raman spectroscopy in conjunction with XRD analysis has been used for the qualification of CA ordered domains in CuInS 2 . 10 This analysis has allowed observing a direct correlation between the relative intensity of the 305 cm −1 vibrational mode and the amount of CA ordered phase in the samples, as determined by XRD. In the following, similar experimental evidence is provided that the 183 cm −1 component in the spectra measured in the CuInSe 2 specimens originates from a volume share of CA ordered domains in the films. The procedure is based on combined XRD/Raman measurements as the CH and CA tetragonal structures can be distinguished by their characteristic x-ray diffractograms. Since the CA unit cell is primitive and its crystal space group contains no glide planes or screw axis, there are no systematic extinctions in the CA diffractogram. Therefore the ͑001͒ and ͑003͒ reflections, which are forbidden for the CH structure, are characteristic reflections of the CA structure ͑in this section cubic notation for the Miller indexes are used throughout͒. In the case of epitaxial layers containing CA domains ͑as confirmed by their TEM analysis͒, we have been able to accurately measure these reflections by tilting the samples. The intensity of each XRD band was evaluated from the integral area of the band after fitting the peak with a Voigt function. Figure 6 shows the Raman peak ratio from the spectra measured in the CuInSe 2 films as a function of the relative XRD intensity between the ͑003͒ reflection, characteristic of the CA structure, and the ͑004͒ reflection arising from both CA and CH structures. The intensity ratio I͑003͒ / I͑004͒ is therefore a direct measurement of the relative amount of CA phase within the samples ͑see Ref. 10 for further details͒. A linear correlation between both quantities is revealed which proves that the intensity of the additional band is directly related to the fraction of CA within the films. This agrees with the behavior observed for CuInS 2 .
Stanbery 12 and Lazewsky 15 have reported the possible existence of resonant or preresonant effects in the Raman spectra from CuInSe 2 measured with excitation wavelength of 514 nm. These authors argued that these resonant conditions were responsible for the breakdown of the selection rules, and the observation of some modes which are expected to be forbidden in some experimental polarization configurations. In order to confirm the symmetry characteristics of the modes, we have performed polarization-dependent measurements using different excitation lines: 514.5, 488, and 457.9 nm. Figure 7 shows the spectra measured on a CuInSe 2 sample under parallel ͑A 1 allowed͒ and perpendicular ͑A 1 forbidden͒ configurations with 457.9 nm excitation wavelength. For these configurations, E modes would be forbidden in both cases. Although for the samples analyzed in this work the intensity of the additional mode in the Raman spectra is not high enough to obtain spectral resolution of the peaks, the spectra in Fig. 7 clearly demonstrate the existence of a similar behavior to that of the well-known CH A 1 mode. The spectrum measured using ͗z͉xx͉z͘ configuration is very similar to those measured focusing the laser spot on the cross section surface of the layers ͑where, in principle, E modes would not be forbidden͒. On the other hand, the spectra measured with different excitation wavelengths indicate the absence in these measurements of resonant effects. In spite of the low intensity of the mode in the spectra, its spectral position agrees with that previously reported for the additional CA related band. These data, and the clear correlation between the relative intensity of this contribution and that of the CA content in the samples-as described in the previous paragraph-lead to the identification of this contribution in the spectra with the A 1 mode from CA ordered CuInSe 2 .
III. LATTICE DYNAMICS: CALCULATION OF ZONE CENTER VIBRATIONAL MODES
In order to understand the Raman spectra of CuInS 2 and CuInSe 2 films, it is necessary to first consider the dynamical properties of the CH and the CA crystallographic structures.
are single-degenerated, except the representation E which is doubly degenerated. Triple-degenerated representations do not exist in the point symmetry group of the crystal, due to the inequivalence of the X -Y and Z directions. In the case of the chalcopyrite structure, the Cu and In atoms occupy a type Wyckoff sites ͑site symmetry S 4 ͒ and the anions occupy d type sites ͑site symmetry C 2 ͒. With the previous information, the correlation method 21 gives the following irreducible representations of the zone-center phonons in the chalcopyrite structure
All the chalcopyrite optical modes are Raman active, except the A 2 modes that are "silent." B 2 and E modes exhibit LO-TO splitting, due to their polar character. On the other hand, the decomposition of the zone-center phonons for the CA structure into irreducible representations is different from the CH case. Although the crystal point group is also D 2d , the CA structure contains a single molecule per unit cell. Therefore, there exist only nine optical modes that can be arranged according to group theory in the following way:
Since the crystallographic group of the CA is not a supergroup of the CH structure, a simple branch folding scheme is not appropriate to predict the phonon spectra of the CA structure. Instead, we use the Keating model 22, 23 to calculate the zone-center vibrations in the CuInC 2 crystal. This is a particular case of the "valence force field" ͑VFF͒ models, and was first developed by Keating, who applied invariance requirements to the strain energy of the diamond crystal to derive a mathematical form for the elastic potential, which is given by the expression
͑3͒
Here, the vectors r ជ i s correspond to the vectors joining the atoms s and its first neighbor i, and the elastic potential between atoms is described by the squares of the variation of the dot products ⌬͑r ជ i s · r ជ j s ͒. ␣ and ␤ constants correspond to the stretching and bending force constants, respectively.
Within this approximation, five bond-bending constants are needed in order to describe the interactions ͓Cu-C-Cu, In-C-In, In-C-Cu, C-Cu-C, C-In-C͔, while the other two stretching constants are required for the stretching interactions between Cu-C and In-C. Therefore, it is important to be able to find physical arguments to achieve a further reduction in the number of constants of our model. This can be done by assuming the following hypothesis. ͑1͒ The bond-bending force constants for a given set of atoms including only two types of atoms will be the same, independently of which atom is in the center and which atoms are in the edges ͑in this way, the interactions Cu-C-Cu and C-Cu-C are described by a single constant ␤ 1 , and the interactions In-C-In and C-In-C by a constant ␤ 2 ͒. ͑2͒ For the sets of atoms of the type Cu-C-In the bond-bending interaction is assumed to correspond to the arithmetic average of the bond-bending constants describing the sets Cu-C-Cu and In-C-In. Therefore, ␤ 12 Ϸ 1/2͑␤ 1 + ␤ 2 ͒. This reduces the number of constants needed to describe the elastic interactions in the chalcopyrite lattice to two stretching constants for the Cu-S͑Se͒ and In-S͑Se͒ interactions ͑␣ 1 and ␣ 2 , respectively͒ and two bond-bending constants ͑␤ 1 and ␤ 2 ͒. Within this approach, the phonon spectra can be calculated by solving the 24ϫ 24 dynamical matrix.
In order to calculate the phonon spectra of the CA structure, we will apply the Keating model first to the chalcopyrite crystal, whose experimental frequencies are already well-known. 10, 13, 14 From the experimental data, the force constants involved in the model can be extracted. Once the values of the force constants are known, they will be used to calculate the expected frequencies for the CA-ordered crystal. We will assume that the bond distances and bond angles of both crystal orders are similar, and therefore that it is not necessary to rescale the force constants. Actually, no important differences are expected due to the strong relationship between both structures, and because the atoms constituting the crystal are the same and they are tetrahedrally coordinated in both cases. Unfortunately, experimental results are not available to confirm this assumption. However, it has been shown that the introduction of vacancies in the chalcopyrite structure leads to the formation of ordered vacancy compounds ͑OVC͒ which keep the same interatomic chalcopyrite distances within an error of 0.01 Å, as determined by EXAFS. 24 It is unlikely that the rearrangement of the cations in the cation sublattice could modify the bond parameters in a more important way than the introduction of vacancies.
The determination of the force constants has been accomplished by optimizing their values in order to reproduce the experimental phonon spectra. Therefore, by using the experimental values of the different CuInS 2 and CuInSe 2 modes reported in the literature, the problem restricts to the minimization of the function 2 , defined as the quadratic deviation of all the experimental values with respect to the values predicted by the Keating model
The optimization of the values of the phenomenological force constants has been carried out using the SIMPLEX algorithm, which proved good convergence towards a unique, real, and stable solution, independently of the initial conditions. The experimental transversal optical frequencies used in the fitting are compared with the results obtained from the four parameters Keating model in Table I . The modes have been classified according to their symmetry, and the point in the Brillouin zone of the zinc blende where they come from after folding it back is indicated in square brackets. The table also includes the optimum values of the force constants.
The values for the force constants obtained by this method are reasonable in terms of their physical meaning. They are all positive, which is expectable from their definition. Notice also that the values for the stretching force constants are one order of magnitude greater than the values for the bond-bending constants, and that the corresponding constants involving In-C interactions are greater than those involving Cu-C interactions, i.e, ␣ 2 Ͼ ␣ 1 and ␤ 2 Ͼ ␤ 1 , as one may expect due to the higher strength of the In-C bond. On the other hand, Table I also shows that the Keating model is able to reproduce with good accuracy the experimental results, despite the low number of parameters used for the description of the interactions. Most of the predicted frequencies agree with the experimental ones within an error of about 5%. It is worth noting that the predicted position for the A 1 mode of CuInS 2 has a higher relative deviation from the experimental position of the mode, of almost 13%. This is a common limitation of this model, and has been already reported in the literature for other compounds. 25 It is clear that second neighbor interactions should be taken into account if one wishes to find with more accuracy the frequency of the A 1 mode.
Once we determined the optimum values of the force constants used in the VFF model, we used these values for calculating the phonon spectra of the CA structure for these compounds. The results of these calculations are given in Table II . Before attempting to compare the experimental frequencies of the modes with the results obtained using the VFF model, we should take into account the absolute uncertainty in the position of the A 1 modes. Because these compounds have very low Raman scattering efficiency, it is difficult to identify other CA bands in the spectra of these films. Only the A 1 band appears to be intense enough for being clearly resolved from the CH bands under standard measurement conditions.
It is worth noting that the frequency of the totally symmetric mode in both crystalline structures ͑CH and CA͒ is very similar, since in both cases it arises from the movement of the anions, with all the cations remaining at rest. Nevertheless, the vibrational frequency of the A 1 mode in each structure is still different, since the vibrational energy associated with the respective atomic displacement is not the same. Atomic displacement eigenvectors can be readily obtained by using the corresponding projector operators. In the CH structure, two of the four anions in the atomic base move along the X crystallographic direction antiparallel to each other, while the other two anions move in the same way following the Y crystallographic direction ͑Fig. 2͒. However, in the case of the CA structure, all the anion displacements occur along the Z crystallographic direction, with alternate atomic planes moving also antiparallel to each other. Therefore, the A 1 vibration in the case of the CA structure is associated with a larger bond bending distortion on the bonds with a vertex at the cation site, since the antiparallel displacement of the four anions in the tetrahedra occurs along the same direction. This argument, based on crystallographic symmetry, explains why the A 1 frequency in the CA structure is higher than that in the CH structure. Furthermore, because the elastic constants of CuInSe 2 are smaller than CuInS 2 due to the larger volume of CuInSe 2 , the A 1 frequency difference between the CA and CH modes in CuInSe 2 is also smaller than that in CuInS 2 .
The assignment of the main vibrational mode from CA ordered CuInSe 2 with the A 1 mode does not agree with Lazewski et al., 15 who have identified the peak at 183 cm −1 in the spectra with the E 2 ͑LO͒ mode from CA structure that, according to their calculation, appears at 177 cm −1 . They assigned the CA A 1 mode with a much weaker peak in the spectra, experimentally observed at 195 cm −1 . These authors have claimed the existence of resonance effects to justify the disagreement with the spectra measured under different polarization conditions, which show a totally symmetric behavior for the 183 cm −1 peak. 12 However, we have observed that even when the measurements are performed at excitation conditions away from resonance ͑ exc = 457.9 nm͒ polarization measurements still show a totally symmetric behavior for this mode. On the other hand, some of the calculated frequencies in the CA structure have a clear equivalence in the CH lattice. Specifically, all the E-symmetry modes in the CA: E 1 , E 2 , and E 3 lie at spectral positions very close to E 1 , E 3 , and E 6 modes of the CH, respectively, thus indicating the strong equivalence of these vibrations in terms of vector displacements. However, the spectral positions of B 2 modes in the CA lattice do not have a clear equivalence in the CH structure, thus revealing the difference in both crystallographic structures and the fact that it is not possible to establish a direct group/subgroup relation between them. Such relations between the CH and CA modes can be found also in the results provided by Lazewski et al., 15 although these authors reported different values for the calculated frequencies in the CA structure of CuInSe 2 . Direct comparison of the numerical results provided by both models with the experimental values reported in the literature show that the average relative error in the determination of the frequency of the modes in the chalcopyrite structure is 6.9 and 11.6 % for the Keating model used in this work and the ab initio calculations performed by Lazewski, respectively. In the case of the calculations for the CA structure, the lack of experimental data on pure CA-ordered crystals does not allow for such a comparison. Moreover, taking into account the physicochemical complexity of CuIn x Se y compounds, assignment of weak modes based on nonpolarized Raman experiments on multiphase samples, as proposed by Lazewski, appears doubtful.
In the case of CuInS 2 , the symmetry assignment of the main vibrational mode from the CA ordered phase deduced from the VFF model was supported by first-principles phonon calculations performed using the frozen phonon approach. 10 These calculations were made assuming a totally symmetric A 1 mode related to the vibration of the chalcogen atoms. We have performed this calculation under the same conditions as those reported in Ref. 10 for CuInSe 2 in both CH and CA structures. In this case, the calculated frequencies are 179 and 189 cm −1 for the CH and CA structures, respectively. These values are slightly higher than the experimental ones, because the local density approximation used in the calculation underestimates the lattice constants by ϳ1% and slightly overestimates the force constants. In spite of this, we have to remark the agreement of the difference predicted by the calculation in the modes from both CA and CH structures with the experimental data, which gives support to the symmetry assignment deduced from our VFF calculation.
IV. INTERPHASE BOUNDARIES
The experimental evidence obtained on the coexistence of CH and CA ordered domains with a specific interphase raises the question on the nature of the domain boundaries which Table III . Figure 8 , in addition, depicts the tetrahedra found in the interface unit cell of a specific IPB. As revealed in Table III , none of the investigated IPB's can be formed without breaking the octet rule. In all cases tetrahedra with n 2 have to be formed. All but two IPB's in this table exhibit an equal number of A and B atoms. Thus, formation of these IPB's can lead to full compensation ͑de-noted by C in the table͒ of donor and acceptor type of tetrahedra. Accordingly, the net charge of ionized donor type and acceptor type tetrahedra is zero. The defect tetrahedra in these interfaces may not contribute to a specific excess of charge carriers within this material. This is the case for the interface experimentally detected from the TEM analysis of the films, as discussed in the previous section. The ͑001͒ CH / ͑001͒ CA and the ͑110͒ CH /͑010͒ CA IPB's, however, can be formed with an excess of A or B atoms. In the rigid domain model applied here, these interfaces cannot be compensated. Therefore, such an IPB may be charged leading to band bending and doping of the adjacent domains. However, several crystallographic mechanisms may compensate the electric charge associated to these IPB's. One possible compensation mechanism is the formation in the material of multiple IPB's of different excess type. Moreover, charge compensation may be accomplished also through the formation of complex point defects involving substitutional atoms and vacancies. A well-known example of such defect is the compensation of the local deficiency of the Cu atoms through the formation of In related complex defects with very low formation energies as ͑In Cu +2V Cu ͒, 26 which allows preserving the stoichiometry of the crystal. Through the formation of these complex defects, the Cu-B III -C VI compounds can accommodate large stoichiometric deviations, yielding to crystallographic structures known as ordered vacancies compounds ͑OVCs͒.
In addition, none of the investigated IPB's ͑consistent with the crystalline relationship experimentally deduced between both CH and CA phases͒ lead to the occurrence of A 4 or B 4 tetrahedral configurations. These local configurations would only occur for crystalline relationships not compatible with our experimental observations. For instance, the relative orientations ͓010͔ CH ʈ͓001͔ CA or ͓100͔ CH ʈ͓001͔ CA , would lead to the formation of uncompensated IPB's between low index planes containing A 4 tetrahedra. According to the calculations of Wei et al., 7 electronic compensation between donor and acceptor clusters leads to a strong suppression of these tetrahedral configurations in disordered CH structures.
V. SUMMARY AND CONCLUSIONS
In this paper, we have analyzed the vibrational and crystallographic properties of CuInC 2 films. CA ordered domains in these films have been identified by means of electron and x-ray diffraction as well as phonon scattering. A comparison of experimental TED or HREM images and simulated images allowed identifying the orientation of an interphase boundary between CA and CH domains. Both domains form a ͑112͒ CH ʈ͑011͒ CA interface. Model considerations have revealed that this interface should exhibit a compensating number of donor and acceptor type AB 3 and A 3 B tetrahedra, respectively. Thus, this interface should not be charged.
In order to provide a solid basis for interpreting the Raman spectra, we have developed a VFF based model to describe the vibrational properties of the CA ordered structures of CuInS 2 and CuInSe 2 . This model predicts the position of the A 1 mode of the CA structure to be around 5% larger than the corresponding mode in the CH structure. This agrees with the first-principles calculations performed using the frozen phonon approach. These models support the previous identification of the additional band in the Raman spectra from CA-containing films, located at 305 cm −1 for CuInS 2 and at 183 cm −1 for CuInSe 2 , with the totally symmetric mode from the CA ordered structure. Combined XRD/ Raman measurements have confirmed the relationship between the intensity of these bands and the relative amount of CA phase in CuInC 2 films. The experimental results have proven the effectiveness of Raman scattering for detecting the presence of CA-ordered domains.
